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Abstract 
A simulation model is introduced that represents an energy management system for residential buildings in combination with an 
electric vehicle. The optimization part of the simulation minimizes the overall operational energy cost for the household while 
satisfying a wide range of constraints including behavior of residents and technical properties. The simulation results show that 
scheduling of devices in an optimized way leads to smoother load curves and less energy cost in comparison to a reference case. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
Fast changes in the electrical load are characteristic for residential buildings. When supplying a residential
building by on-site renewable energy sources, such as photovoltaic systems (PV-systems), supply and demand are 
hardly balanced. The balancing must be carried out by the external grid. Since prices for energy import are higher 
than feed-in tariffs, the household is incentiviced to enhance its degree of energy autarky. A home energy 
management system (HEMS) can provide a solution to that problem. 
In the paper at hand, the considered HEMS uses three different features to reach that goal. The first option is to 
couple the electrical and the thermal sector of the household using heat pumps and immersion heaters. Demand-side-
management (DSM) which refers to shifting of loads provides a second opportunity. And finally, storage systems 
such as electrical and thermal storages but also batteries of electric vehicles store surplus renewable energy and feed 
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devices in periods of low PV-production. By minimizing the overall operational energy cost, the HEMS minimizes 
CO2-emissions and maximizes autarky at the same time. 
In the subsequent paragraphs, the functionality of the HEMS will be explained and both a 24-hour and a seasonal 
analysis will be provided. 
All studies are conducted in the project „e-MOBILie – Enerigeautarke Elektromobilität im Smart-Micro-Grid”,
which is one of about 50 projects within the “Schaufenster Elektromobilität”-initiative financed by the German 
Federal Ministry for the Environment, Nature Conservation, Building and Nuclear Safety by about 4.5 million €. 
2. Residential Model
The residential model in Fig. 1 consists of both, the electrical and the thermal sector. Each sector comprises
energy producers and consumers. A PV-system serves as an electrical producer, whereas a non-modulating air-to-
water heat pump (HP), an immersion heater (IH), demand side management (DSM) devices, residual baseload (BL) 
and an electric vehicle (EV) are marked as electrical consumers. An electrical storage (EStorage) can be used as 
producer or consumer depending on the operating mode. The HP and the IH act as producers in the thermal sector. 
By definition, the thermal load (TL) is a consumer of thermal energy and the thermal storage (TStorage) is able to 
pose as both, producer and consumer. It is important to note that the TL can only be fed by the TStorage and the EV 
is not allowed to feed energy back into the building. The household is connected to the low voltage grid. 
Fig. 1. Overview of components [6] 
The essential property of the aforementioned DSM-devices is the potential of load shifting, meaning that the 
device program can be postponed to points in time at which energy consumption suit the optimization objective 
better. Shifting those loads can be restricted by forcing the devices to start after earliest start (ES) and finish before 
latest end (LE). In this study, a dish washer, a washing machine and a dryer are considered as DSM-devices. 
3. Optimization Model
It is important to note that the following time series must be known before the simulation is started: The power of
PV-gereration, the heat demand, the power of the BL and the ambient temperature which is needed to calculate the 
coefficient of performance (COP) of the HP. The COP is enhanced the warmer it is. 
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The optimization model is based on linear programming which implies that dynamic processes described by 
differential equations are neglected. Only production, consumption, transportation and storage of energy is 
considered. See the following nomenclature for this purpose: 
Nomenclature 
t time 
̴ܹ௧ energy imported from the grid
̴ܹ௧ energy fed into the grid
ܥ̴௧ energy price for ̴ܹ௧
ܥ̴௧ energy price for ̴ܹ௧
PEV_Charge charging power of the EV 
PEV_Consum consumption power of the EV 
PEV_Preconditioning preconditioning power of the EV 
SOCEV state of charge of the battery in the EV
SOCEStorage state of charge of the EStorage 
Time is modelled in discrete time steps. The optimization objective is to minimize the operational energy cost of 
the household. Cost incur when energy ̴ܹ௧ is imported from the grid at a price ܥ̴௧ whereas returns
are generated when energy ̴ܹ௧ is fed into the grid and therefore sold at a price ܥ̴௧ . The resulting
objective function is as follows:
 ൥෍ሺ̴ܹ௧ כ ܥ̴௧ െ̴ܹ௧ כ ܥ̴௧ሻ
׊௧
൩ (1)
The operating handle (decision variables) to balance cost minimization and satisfaction of demands and 
constraints is to shift the turn-on instants of energy consumers and to adjust operating modes and powers of storages. 
The incorporated constraints are clustered in Fig 2.
Fig. 2. Optimization design [2] 
Weather data [7] such as ambient temperature and solar irradiance are given as time series. In a real world 
application, these time series would be replaced by forecast data. Production constraints are determined by 
combining these time series with the peak power of the PV-system. Maximum power consumption or degree of 
efficiency of devices can be mentioned among many others when it comes to examples of technical constraints. For 
the demand constraints, time budget survey data are evaluated in terms of resident’s actions that are related to 
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running electrical devices. The modelling of user independent stand-by loads is also part of the demand constraints 
[3]. The tariff for selling energy is fixed to 12.5 €ct/kWh (March 2015, according to the German EEG law 2014 [1])
while the purchase tariff is set according to a time-variing tariff existing on the market [5]. The size of the PV-
system is specified by 5 kWp and the capacity of the EStorage is set to 10 kWh. 
The optimization model is implemented in GAMS and solved by CPLEX solver. 
4. Simulation results
The following evaluation comprises an entire year. Because of an unacceptable calculation time, the optimization
is carried out according to the rolling horizon methodology: First of all, only the first two days are optimized.
However, merely the optimization results of the first day are saved. Subsequently, all values of state variables at the 
end of this day are taken as initial values of these states for the optimization run of day 2 and 3. From this run, only 
optimization results of day 2 are saved and so on. In each single optimization, two days are taken into account 
because DSM-runs during midnight could not have been evaluated within only 24 hours. 
4.1. Analysis of a typical day 
This analysis is conducted for plausibility reasons and serves as a graphical explanation on how the HEMS 
operates. 
Power supply and demand is plotted as shown in Fig. 3 (a) itemized by energy sources and sinks according to the 
legend on the right. The plot is symmetrical about the time axis since supply and demand must be balanced. 
Furthermore, ܥ̴௧ is illustrated over time. The capacity of the EStorage is optimally used since phases of fully
discharged and fully charged states are reached during the day as it can be observed in Fig. 3 (b). During low price 
phases as well as during few PV-overproduction phases, energy is absorbed by the storage. During phases of high 
energy prices and increased load, the storage is discharged. In Fig. 3 (c), time windows of DSM-devices are 
displayed. The dashed lines represent ESs whereas continuous lines mark the LEs of respective devices. It can be 
observed that the end of the run-time of the dryer coincides with the last available PV-power of that day. The run-
time of the washing machine is postponed from its ES to available PV-power two hours later. The dishwasher is not 
used during the considered period of time. As the TStorage acts as an interstage device between HP and heat 
demand, the electrical demand of the HP is moderately shiftable. This shifting is based on several criteria such as 
high COPs, cheap prices for energy import, availability of PV-power or sufficient SOCs of the EStorage [4]. Energy 
export does not occur during the considered day since the entire PV power is internally used. The red line in Fig. 3 
(d) marks the presence (HIGH) or the absence (LOW) of the EV at its home based charging station. The charging
process may start only if the vehicle is available. In this case the vehicle is not available during the period of solar
irradiance. The vehicle is therefore preferably charged in phases of low energy prices. The rapidly decreasing SOCEV
in Fig. 3 (d) is due to the fact that though the driving demand of the EV is modeled in detail, the discharging process
away from home is summarized in one time step. In addition to the driving demand, the preconditioning demand,
which derives from the users’ request for a well tempered vehicle, must be satisfied as well, right before departure.
Energy from the battery of the vehicle is partly used for that purpose.
4.2. Analysis of the overall year 
The focus of this analysis is on assessing the overall performance of the HEMS. For that purpose, the HEMS is 
compared to a reference case with the following properties: All components showed in Fig. 1 are still part of the 
household. The PV power, the BL and the heat demand remain the same. However, DSM is no longer allowed. 
Instead, ES is taken as turn-on instant for each run of a DSM-device. The HP is switched on as soon as the heat 
demand cannot be satisfied anymore by the TStorage and also the charging process of the EV is started once the 
charging cable is plugged in. The mode of the EStorage is changed to zero-point control, meaning that the storage is 
charged as long as a surplus of PV energy is available and the storage capacity is not exceeded. On the other hand, 
energy from the EStroage is used to supply the load whenever PV energy is not sufficient to do so and the storage is 
not already fully discharged. 
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Fig. 3. (a-d) Simlation results of a characteristic day 
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While annual energy cost using HEMS add up to 1,254 Euros, the energy bill in the reference case shows a result 
of 2,017 Euros. Thus 37.8 % of the original cost can be saved by HEMS. In order to gain detailed understanding of 
HEMS, energy supplies and demands are itemized by quarters (Q) as illustrated in Fig. 4. It is noticeable that both, 
import and export is reduced in the optimized case. This is due to the fact, that the EStorage is used more efficiently 
whereas in the reference case, the SOCEStorage ranges rather at a lower level. The electricity demand of the HP is 
significantly reduced as the HEMS shifts its runtime to phases in which the COP is increased. The differences 
throughout the year can also be seen in Fig. 4. During Q1 and Q4, the heat demand is higher which strongly affects 
the electricity demand of the HP. The differences between the absolute values of supply (negative energy axis) and 
the absolute values of demand (positive energy axis) derive from losses in the storages. 
Fig. 4. Annual simulation results itemized by quarters: (a) Optimized by HEMS; (b) Reference case 
5. Conclusion
The simulation results show that a smart HEMS utilizes the existing load shifting potential in a residential
building for generating significant savings in operational energy cost up to 37.8 %. Despite integrating highly 
fluctuative renewable energy sources, the peak smoothing character of a HEMS can contribute to stabilize the low 
voltage grid. 
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